Introduction
Nickel-based alloys are modern materials and, due to their characteristics, they are widely used, especially in the aerospace industry. These materials are applied, among others, in the construction of turbine bodies, jet engine components, tanks, combustion chambers, turbine blades and exhaust valves etc. [1] [2] [3] [4] . Nickel alloys are used both in casting and plastic deformation technology. These alloys (also known as superalloys) have different chemical compositions [4, 5] and, among them, the one most often used in the industry is Inconel 718 alloy [12] .
The most important properties of Inconel alloy are: low thermal conductivity, high hardness and strength at high temperatures and tendency to strengthening [4] [5] [6] . The dependence of the mechanical properties of Inconel 718 alloy on the working temperature is shown graphically in Fig. 1 . Among commercially available supera- lloys, Inconel 718 is one of the most important and most frequently used both in the form of cast (25%) and forged (45%) elements.
The advance in nickel alloys engineering was achieved by adding aluminium to their chemical composition. The addition of this element allows for the creation of intermetallic phases γ' (Ni 3 X) coherent with the matrix [7] [8] [9] . This phase, having a regular centred cubic structure (A1), strengthens the alloy and makes it stable at high temperatures, what allows for keeping the high strength properties and resistance to creep at high temperatures. The addition of carbon to nickel alloy leads to their strengthening by precipitation through the creation of carbides.
In general, the elements placed at the nickel alloys can be divided into three groups [4] :
• elements involved in the strengthening and stabilization of the alloy -Co, Fe, Cr, Mo, W and V, • elements involved in the production of the γ' type phases (Ni 3 X) -Al, Ti, Nb and Ta, • elements enhancing grain boundaries -B, Zr, Hf and
Mn. In addition, such elements as Cr, Mo, W, V, Nb, Ti and Ta, form carbides in nickel alloys. Cr and Al also form a compact oxide layer on the alloy surface.
Material for the study and research methodology
The subject of the research presented in this study was Inconel 718 alloy having the chemical composition shown in Table 1 . As an initial material, rods of a diameter ϕ =50 mm after casting were used. Round shape samples having a diameter ϕ = 50 mm and a height H = 30 mm were subjected to forging at the temperatures of 1100
• C and 1000
• C. These cylinder samples were heated in an electric furnace to the temperature of 1120
• C. For forging at 1100
• C, the samples were directly transported from the furnace to the forging stage. For forging at 1000
• C, the samples were pulled from the furnace and cooled to the desired temperature under controlled conditions (30 seconds) and then placed in the forging die.
Samples for investigations were taken according to the scheme set out in Figures 2 and 3 , where the analyzed areas are marked. In this paper, the results of tests for areas 1 and 5 are presented. The samples were subjected to various x-ray and metallographic studies. Diffraction studies were performed on a Siemens D500 diffractometer, using the monochromatic radiation of a copper x-ray tube (λ Kα śr = 1.54 A • ). Diffraction pattern was determined with the use of Bragg-Brentano method, using step counting (∆2θ = 0.02
) in the range of 2θ angle from 30 to 125
• . Upon the basis of x-ray measurements for each sample, the qualitative phase analysis and calculation of the texture index were made. Metallographic examination was carried out, using a light microscope Axiovert 200 MAT Zeiss.
Results of the investigations and discussion
Phase composition of the investigated alloy For the samples in the initial state, a diffraction pattern analysis and its comparison with the ICDD database show that the alloy is a material with one dominating γ phase and additionally δ phase and carbides. The positions of the strongest diffraction lines indicate the presence of one dominant phase in the material, which is a solid solution of iron in nickel (Ni-Fe) -γ phase (Fig. 4) . Other phases, whose presence in this material has been found in the initial state, are NbNi 3 -δ (orthorombic), and also NbC and TiC (Fig. 4) , although the diffraction lines derived from them are very weak.
Heat treatment and forging caused some changes in the phase composition. There is a clear decrease in the amount of the δ phase while the volume fraction of carbides has not been clearly altered (Fig. 5 and 6 ). The intensities of the peaks coming from intermetallic phases are very small and, therefore, the confirmation or exclusion of their presence in the alloy requires using other methods such as transmission electron microscopy.
In the microstructure of the material in the initial state, equiaxed austenite grains are observed (Fig. 7) . Close to the surface of the samples, grains are smaller, indicating a higher degree of the deformation of the surface layer. After forging at the temperature of 1100
• C, the material is fully recrystallized by dynamic recrystallization. In the sample area (indicated 1), where the degree of deformation was smaller, grain size is greater than that of the grains in the place where deformation was higher (area indicated 5). After forging at 1000
recrystallization is observed only at the area close to the grain boundaries where deformation was higher. (Fig.  8 and 9 ). Additionally these grater grains at the sample area 1 are equiexed whereas at the samples area indicated 5 are elongated (Fig. 9) . Studies using light microscopy reveal the mechanism and extent (degree) of the recrystallization and can also help to explain the observed differences in texture. It can be concluded that both applied to forging temperature led to alloy supersaturation. At the same time, increasing the forging temperature and degree of deformation favours the progress of the dynamic recrystallization. The smaller degree of deformation results in a smaller number of recrystallization nuclei and, consequently, there are larger grains after recrystallization in the structure. The use of a lower forging temperature causes the recrystallization only in the areas near the original grain boundaries (existing in the microstructure before deformation). The new grains, arising from the recrystallization, have not got adequate force to move and grow to consume the interior of the primary deformed grains. Non-recrystallized grains if they remain in the microstructure cause a stronger texture than new grains created at the areas of larger deformation where recrystallization process is more advanced. Similar results were obtained by Yuan and Liu [3] , studying Inconel 718 alloy after deformation at different temperatures. The evaluation of the texture degree of the material
The diffraction pattern obtained with the use of Bragg-Brentano method [1, 2] allows to determine unambiguously, whether the material is textured, or not. This can be done by analyzing the coefficients that are the ratios of intensity, i.e. such as pairs of diffraction lines I 111 /I 200 , I 110 /I 200 . The values of these coefficients for non-textured materials can be calculated from the data contained in international diffraction standards, i.e. ICDD cards [6] . Thus, when the ratio of intensities of two lines I h1k1l1 /I h2k2l2 for an experimental diffraction pattern is different from the same relation to the standard pattern, this means that the material is textured. The greater the difference between these values is, the stronger texture of the material is present at the material.
Another index is also applicable for assessing the texture degree. This is the ratio of the diffraction line intensity to the sum of the intensity of the i.e. first four lines obtained experimentally for the investigated sample to the same ratio for the standard diffraction pattern from the ICDD cards. For a non-textured material, this index equals one. The bigger the deviation of this index from value one is, the stronger is the material's texture.
When the analysis based upon the indexes discussed above shows that the material is textured, it is advisable to carry out a full texture analysis, however, this requires the use of complex measurement procedures.
According to the procedure described in the previous section, two texture indexes were calculated, namely:
• T hkl -the ratio of the intensity of a particular diffraction line hkl next to the intensity of the strongest diffraction lines on the diffraction pattern • M hkl -the ratio of the experimental intensity of a diffraction line hkl next to the total intensity of the first four lines obtained for the samples to the same ratio for the standard pattern for non-textured material.
The results of these calculations are shown in Table 2 and compared with the values of texture indexes for material with random orientation (non-textured). On the basis of a comparison of texture indexes for the investigated samples with the indexes for a non-textured TABLE 2 Texture indexes for two different areas of the samples from Inconel 718 in the initial state and after forging at 1100
• C
Crystallographic plane

Random material
Initial material
After forging at 1100
• C area1
After forging at 1000
• C area 5
• material, it is concluded that the material in the initial state either has a random orientation, or its texture is negligible. After forging, the texture degree increases. The highest texture degree is observed for the material after forging at 1000
• C comparing to 1100
• C especially at the area 5 ( Table 2 -texture index M hkl ).
A lattice parameter was measured for the investigated material in the initial state and after forging. Lattice parameter can determined from the position of each single diffraction line separately. This method is not accurate and leads to results that slightly differ in value. The precise determination of the lattice parameter is based upon the procedure of Nelson-Riley (N-R) [11] . The precise calculation of the lattice parameter values is based on the linear interpolation of the lattice parameter values dependence on the Nelson-Riley function and on the equation describing this relationship. Upon this basis, the extrapolation and setting (of) the lattice parameter values is done for f(NR)=0, which corresponds to the diffraction angle of Θ =90
• - Fig. 10 . This way, the most precise lattice parameter is calculated with the accuracy of 0.001A
• . The value of the lattice parameters is important for the further study of the alloy, since it depends on the contents of elements in an alloy and can, therefore, be a measure of their concentration. The contents of these elements in the alloy affect the size of the lattice parameter and cause the shift of diffraction lines. In this way, it is possible to indirectly measure the contents of alloy elements dissolved in the solution. This is information about the form of the occurrence of alloy elements in the solution and it is also important for the evaluation of the material's properties. Using the described above Nelson-Riley procedure lattice parameters were calculated for all investigated materials -Tab. 3.
TABLE 3
Lattice parameters for material after thermo-mechanical treatment
Material Lattice parameter [A]
Forging at 1100
• -B1
3,5987
• -B5
3,5983
Forging at 1000
3,5980
• -B5 3,5980
The differences between lattice parameters are very small. A slightly higher values for material deformed at 1100
• C indicate that the structure is more homogenous and also a little more alloying elements are dissolved at the γ (Ni-Fe) phase.
Conclusions
On the basis of the described investigation and study, the following conclusion can be presented: 1. After plastic deformation, slight changes in the phase composition of Inconel 718 alloy are observed. The dominant phase in the alloy is nickel by iron supersaturated.
Material forged at 1100
• C is completely recrystallized by dynamic recrystallization, at 1000
• C recrystallization occurs by creation of the new recrystallizated grains near or on the grain boundaries of existing grains. 3. After forging the texture is created at the deformed materials. Samples deformed at 1000
• C have exhibited stronger texture comparing to these forged at 1100
• C. 4. The strength of the texture is varied in samples cross-section, and the texture is stronger in the more deformed areas. Texture variation can have a significant impact on a material's property.
